lancifolius exposed to single and mixed heavy metals (HMs), cadmium (Cd 2+ ), nickel (Ni 2+ ), and lead (Pb 2+ ). Under controlled growth conditions, some groups of plants were exposed to a single HM at concentrations of 25 or 50 µM and other groups were exposed to 25 µM HM mixtures, for 30 days. Photosynthetic parameters such as electron transport rate, photosynthetic rate, chlorophyll fluorescence, chlorophyll content index, and photosynthetic pigments were measured. The chloroplast morphology was studied by transmission electron microscopy (TEM). In plants exposed to HM 25 µM, the photosynthetic parameters were unaffected, whereas at HM 50 µM, all parameters significantly decreased until 20 days of exposure followed by an increase until 30 days, indicating a slow adaptability of plants under HM stress. Compared to single HMs, mixed HMs were more toxic at the same concentration. All parameters indicated damage to the photosynthetic apparatus due to stress from mixed HMs at 25 µM and single HMs at 50 µM. TEM analyses showed a dispersion of grana in the chloroplast of the affected C. lancifolius plants.
lancifolius, indicating their potential for human health benefits. In terms of ecosystem remediation, Yateem et al. (2008) reported the rhizo-remediation of hydrocarboncontaminated soil by C. lancifolius and their results suggested that 85.7% of measurable total petroleum hydrocarbon could be degraded in rhizosphere soils associated with C.
lancifolius.
We initiated a systematic study of C. lancifolius and found that this plant was not only resistant to drought and high salinity, but it could also withstand high desert temperatures and light intensities (Redha et al. 2011 (Redha et al. , 2012a (Redha et al. ,b,c, 2013 . Currently, there are concerns about the long-term survival of C. lancifolius in Kuwait environment, polluted with heavy crude oil. During the Gulf war of 1991, 6-8 million barrels of crude oil were spilled into the marine environment of Kuwait waters, in addition to oil well fires that released massive amounts of soot and toxic gasses into the environment, causing one of the largest man-made environmental disasters in human history. This disaster caused deleterious effects on the local ecosystem due to the persistent toxicity of several HMs and aromatic hydrocarbons, components of crude oil. Along the Wafra road (an oil producing area) the oil-contaminated soil contains Ni at 120.96 mg/kg soil, Pb at 2.9 mg/kg, and Cd at 0.027 mg/kg soil (Kostecki and Behbehani 1995) . This can be detrimental to the survival of C. lancifolius, causing public concern.
Heavy metal toxicity, caused by free radical generation (Dietz et al. 1999) , induces increased synthesis of metal chelating proteins such as phytochelatin, offering a detoxification mechanism to plants for removal of the toxic metal ions and/or a metal D r a f t 5 exchange (Tiecher et al. 2016) . Metal stress, however, can damage the plasma membrane (Janicka-Russak et al. 2008 ) through the formation of free radical and/or binding of metal ions to sulfhydryl groups of membrane proteins and phospholipids, which may cause cellular damage (Devi and Prasad 1999) . In plants, this leads to a decline in membrane integrity, undermining cellular transport, energy metabolism, growth, and development (Surowy and Boyer 1991; Binzel 1995; Oufattole et al. 2000) . Modification of the plasma membrane, as induced by toxic metals also affects organelle membranes, and results in alterations to the photosynthetic apparatus and consequently energy metabolism (Santos et al. 2014 ).
Heavy metals are highly mobile and are easily transported to the above-ground parts of the plant, principally in plastids causing ultrastructural modification of the leaf chloroplast. It is known that chloroplasts are the primary targets of metal stress (Solymosi and Bertrand 2012) . A damaged chloroplast can impair photosynthesis, transpiration and electron transport rate, photochemical quenching, and photosystem II (PSII) quantum yield. Changes in the thylakoid structures, may cause a reduction in the chlorophyll and carotenoid content, triggering a diminished photosynthetic pigment biosynthesis, and chloroplasts functions (Aggarwal et al. 2011; Cabrita et al. 2016) . Changes in the accumulation of polyamines, leading to free, thylakoid-and chromatin-bound polyamines in Pb-exposed barley leaves, have been shown to reduce photosynthetic pigments and photosynthetic parameters in barley leaves (Legocka et al. 2015) .
As HMs present in crude oil have cumulative negative effects, we carried out this study to assess the effects of HMs on the cultivation of C. lancifolius in soil contaminated with HMs at different concentrations. From the data gathered through this study, we D r a f t report changes in thylakoid ultrastructure of the chloroplasts leading to alterations in photosynthetic activity of C. lancifolius that may be detrimental to its survival in the Kuwaiti environment.
Materials and methods

Plant materials and growth conditions
One hundred and twenty, one-month-old plants with a single shoot with approximately ten leaves, cultivated in plastic pots using peat moss, were obtained from the Public Authority for Agriculture and Fish Resources (PAAFR), a government organization in Kuwait. The pots were transported to Kuwait University, Faculty of Science greenhouse, where they were acclimatized for two weeks.
Seventy plants of uniform height with 13-15 leaves were randomly selected and transferred to plastic pots (19.0 cm diameter and 16.3 cm depth) containing local sandy soil and peat moss (3:1 v/v, 1.5 kg). Sand was mixed with peat moss to increase the soil water potential, and C. lancifolius grows well in sandy soil. Plants were placed in a walkin growth chamber (Ayios Dimitrios, Athens, Greece) maintained at 25°C, 45-55% relative humidity, and 150 mM quanta m -2 s -1 white light intensity, for 30 days. The plants were arranged on a single shelf to ensure equal light intensity for all plants and irrigated with distilled water (50 mL) on alternate days. 
Determination of chlorophyll content index, chlorophyll fluorescence and photosynthesis rate
The chlorophyll content index (CCI) of fresh mature leaves was determined using a portable chlorophyll content meter (CCM-200, Opti-Science, Tyngsboro, MA, USA).
Active fluorescence parameters, minimal (Fo), maximal (Fm), and variable fluorescence (Fv = Fm − Fo) were determined to assess photosynthetic activity. Chlorophyll fluorescence measurements were taken to determine the maximum quantum efficiency of PSII, Fv/Fm = (F M -F 0 )/F M, the relative electron transport rate (ETR), which is the effective photochemical yield of PSII, ϕ P = ΔF/FM' = (FM' -F)/FM', and the photosynthetic photon flux density (PPFD), (Geel et al. 1997; Kromkamp et al. 1998 ).
The measurements were taken at midday on three dark-adapted (45 min) mature leaves from each plant to assess the status or efficiency of PSII with a chlorophyll fluorometer OS5-FL (Opti-Sciences, Hudson, NH, USA).
The rate of photosynthesis was measured using the LCi photosynthesis meter CI 340, (ADC BioScientific Ltd., Hoddesdon, UK). The treatments were replicated four times D r a f t 8 and measurements (±SEM, standard error mean) were taken from the mature leaves of each plant.
Measurement of photosynthetic pigments content
For the measurement of chlorophyll and carotenoid contents, mature fresh leaves, collected from the control and experimental plants, were taken on the first and then every fifth day, during the experiment. A 0.5 g sample of leaf material was homogenized in 80% acetone (10 mL), photosynthetic pigments were measured according to Vimala and Poonghuzali (2015) and Zhou et al. (2018) , and the absorbance of the syringe filteredpigment extract was measured spectrophotometrically, and the pigment concentration was calculated as follows: 
Transmission electron microscopy
Plant leaf tissue sections (2×4 mm) were prepared for transmission electron microscopy (TEM)-[JEM-2100 electron microscope (JEOL)] according to Hulskamp et al. (2010) .
Statistical analyses
All experiments were run in triplicate for a period of 30 days. The triplicate samples were collected on day 1, 5, 15, 20, 25, and 30 . For comparison of data, Kruskal-Wallis nonparametric, one-way ANOVA, and two-tailed student's t-test were performed. Graph Pad Prism software (Version 5.0) was used for statistical analyses. For all graphics and results, p < 0.05 was considered statistically significant (n = 3), and for all graphs, the level of significance only applies to the final data point taken on 30 th . Day.
Results
The initial fluorescence Fo and the maximum fluorescence Fm in C. lancifolius were (Figure 5d ) however, the CCI significantly dropped (p < 0.05) D r a f t when plants were exposed to single HMs 50 µM (Figure 5e ). An exposure to mixed HMs at 25 µM solution showed a highly significant (p < 0.03) drop in CCI (Figure 5f ). This again suggests that mixed HMs at a lower concentration (25 µM) were more toxic, compared with single HMs at higher concentration (50 µM).
Measurements of photosynthetic pigments by spectrophotometry (Table 1) demonstrated that chlorophyll-a and -b significantly decreased (p < 0.05) in plants exposed to 50 µM of all single HMs, but the decline was highly significant (p < 0.03) when the plants were exposed to mixed HMs at 25 µM.
Chlorophyll-a and -b decreased by 16.5% and 23.3%, respectively, in plants exposed to a mixture of Ni/Cd/Pb (25 µM), on the 30 th day, compared to those of the control plants. A corresponding increase in pheophytin was observed. The lycopene and carotenoid contents suffered the highest decrease in plants exposed to HMs stress. Therefore, β-carotene, lycopene and total carotenoids were significantly lower (p < 0.05) in response to either single HM or mixed HMs. Lycopene declined by 41.2% after exposure of the plants to mixed HMs (Cd/Ni/Pb), at 25 µM. Ni at 50 µM provoked a large decline in chlorophyll-b (18.8% decline) compared to Pb (15.4%; Table 1 ). With mixed HMs Ni/Cd/Pb at 25 µM, a 23.3% decline in chlorophyll-b was observed compared with those of the control plants on the 30 th . day (Table 1) .
Discussion
In plants and algae, chlorophyll fluorescence is widely used as a parameter to measure photosynthetic performance and it is used as a marker for HM stress affecting the photosynthetic apparatus (Cabrita et al. 2016) . Depending on its concentration, the fluorescence spectrum of chlorophyll-a (Chl-a) mainly includes two maxima, one in the D r a f t red (685-690 nm) and the other in the far-red, NIR (710-740 nm) reflecting a spectral measurement range (Buschmann 2007 ). The fluorescence is influenced by Chl-a-protein complex in photosystem II (PSII) (Govindjee 1995) . Some of the fluorescence is also caused by photosystem I (PSI), with an emission at 730 nm, which is highest at low temperature, and is largely reduced at room temperature. PSI fluorescence is useful since it can be measured at physiological temperature using fluorescence techniques. The total fluorescence refers to the fluorescence from PSII-associated chlorophyll-a and PSI associated chlorophyll-a and is used to measure Fv/Fm and ETR. PSII operating efficiency, electron flux and CO 2 assimilation are correlated and over a range of light intensities, a linear relationship between PSII and PSI is observed. Thus, a change in fluorescence indicates damage to the photosynthetic apparatus. (Figure 1b, 1e) , however, indicated severe damage to the photosynthetic apparatus of the plants. The adverse impact of the mixed HMs at 25 μM, on Fo and Fm was highly significant (p < 0.03) (Figure 1c and 1f) . These results were supported by the D r a f t 13 % differences in Fo and Fm for single HMs at 25 and 50 μM and also the mixed HMs at 25 μM, (Figure 2a-2d) . Cojocaru et al. (2016) and Wang et al. (2016) , have reported a higher toxicity of mixed HMs and increased effects on the plant's morphometric parameters. Our results revealed that the plants exposed to mixed HMs displayed a highly significant decline in Fo and Fm, suggesting a severe impediment to the synthesis of chlorophyll-a and consequently to the photosynthetic apparatus and/or to the extracellular structure of the leaf. Under these conditions, reduced transpiration with a reduced ϕp/ϕO 2 ratio, due to thickening of the leaf structure, could reduce the Fo and the photosynthetic rate in plants (Masojidek et al. 2001) .
It is known that the fluorescence ratio F690/F736, (red/far-red), is an effective bioindicator of HM stress (Schuerger et al. 2003; Buschmann 2007) . Once HMs are inside the cell, they can trigger numerous alterations in the cell physiology, for example, membrane permeability, enzyme inhibition, photosynthetic electron transport, and other cellular functions (Kupper et al. 2002) . The red to far-red fluorescence ratio decreases with an increase in chlorophyll-a concentration in a curvilinear fashion and it is negatively correlated with the chlorophyll content of the leaf (Buschmann 2007) . The maximum quenching efficiency of PSII is measured from the Fv/Fm ratio, which indicates the maximum efficiency of light absorbed by PSII, used for the reduction of Q A .
A non-significant decrease in fluorescence ratio (Fv/Fm), was observed for single HM at 25 μM concentration, compared with the control plants (Figure 3a) . This indicated that the plants were not adversely affected by single HMs at this concentration (Figure 3a) .
The experimental plants exposed to 50 µM HMs, however, showed a significant decrease in Fv/Fm, ratio compared with a minor increase in that of the control plants (Figure 3b ).
D r a f t
This implied that the plants were sensitive to this concentration of HMs, resulting in a significant drop in PSII activity. It was also observed that after 30 days of exposure under the 50 μM HM treatment, a highly significant decrease in Fv/Fm, was observed in the plants exposed to Ni (Figure 3b ) These data indicated that C. lancifolius was sensitive to HM stress at 50 µM, and that Ni was the most toxic HM for this plant. Ni-stress is known to alter cell wall structure, nucleus, mitochondria, and stomata structure, and causes chloroplast abnormalities (Mosa et al. 2016) . Figure 3c shows the mixed HM stress at 25 µM, with a highly significant drop in Fv/Fm confirming that the mixed HMs at a lower concentration exert higher toxicity than the single HMs at a higher concentration (Cojocaru et al. 2016; Wang et al. 2016) .
Photosynthetic efficiency on the 20 th day of exposure to 25 µM mixed HMs (Cd/Pb, Cd/Ni, Ni/Pb, and Cd/Pb/Ni) and 50 µM single HMs is shown in Figure 3c C. lancifolius is a C3 plant and the plants in this category have high rates of photorespiration, lower CO 2 assimilation rates and respond to all types of biotic and abiotic stresses (Noctor et al. 2002) . The primary effect of stress is on the photosynthetic apparatus with a reduction of the CO 2 uptake, resulting in a loss of biomass. Under HM stress, the maximal photochemical efficiency (Fv/Fm) of PSII is adversely affected with increasing concentration of the HM (Zhou et al. 2018 ) and the protein-photosynthetic complexes involved in energy transport may also be affected. At low photon flux D r a f t densities <1000 µM m -2 s -1 , the thylakoid membrane is not affected. At higher photon flux densities > 1000 µM m -2 s -1 , however, the plant is under severe stress, resulting in lower rates of open-chain electron transport and photophosphorylation (Haubner et al. 2014 ).
Our data suggest that the conocarpus plants experienced a maximum toxicity on the 20 th day of the HM exposure (Figure 3b, 3c) , and thereafter, the Fv/Fm ratio continues to return to near normal values. This signifies that the plants switch to an adaptation/resistance mode after the 20 th day of exposure to single or mixed HM stress (Figure 3b, 3c) . The data was supported by examining the leaf tissue structure under a Transmission Electron Microscope (TEM). The micrographs showed the presence of irregular thylakoids at 20 days of exposure; whereas at 30 days, the thylakoids were relatively better symmetrically arranged in the chloroplast (Figure 4a-4d ).
Individual and combined trace metals including Cd, Pb and Ni, have been recently reported in the diatom model species Phaeodactylum tricornutum (Cabrita et al. 2016 ).
This study showed that the trace metals associated with the treated cells were at a significantly higher concentration than in the control cells, resulting in a significantly reduced fluorescence and growth. The authors further concluded that the F685/F735 ratio could be used to monitor chlorophyll content, and chlorophyll fluorescence and as a biomarker for plant stress.
A decline in the photosynthetic efficiency was confirmed from the observed alterations in electron transfer rates (ETR) in PS II and CCI, in plants, after exposure to HMs. The plants exposed to 25 µM of single HMs (Figure 5a ) showed a non-significant drop in ETR but at 50 µM single HMs, or at 25 µM mixed HMs, the ETR decline was D r a f t highly significant (Figure 5b, 5c) . The decline in ETR may be associated with CO 2 absorption and a related decline in the activity of the photosynthetic enzyme Rubisco (Fu et al. 2016) . Costa et al. (2016) reported a decline in ETR drop in the brown seaweed Sargassum cymosum when exposed to a combination of HMs (Cu+Pb). In our study, a decline in the CCI (Figure 5d-5f ) was comparable to the decline in ETR values which confirmed that mixed HMs at lower concentrations (25 μM) were as toxic as single HMs at higher concentration (50 µM).
A significant decrease in photosynthetic and auxiliary pigments (Table 1) after exposure to 50 µM single HMs was observed. As discussed above, mixed HMs proved to be more toxic for the plant's photosynthetic apparatus with a significant decline in the pigment concentration. The ultrastructural damage to the chloroplast is shown in Figure 4 Our results shown in Table 1 
Transmission electron microscopy (TEM) of the experimental plant tissues showed extensive damage to the plastids (Figure 4 ). Distorted and distended chloroplasts, deformed thylakoid, retreating lamellae nucleus, and cell wall due to metalloproteins exchange, were apparent abnormalities in the stressed plants (Figure 4b and 4c) . The cell wall and chloroplast envelop ruptured when plants were exposed to 50 μM single or 25 μM mixed HMs (Figure 4b and 4c) . Our results show that C. lancifolius experiences a concentration dependent toxicity in the order of Ni > Pb > Cd, and that toxicity increases with the mixed HMs. This study shows that the distribution of HMs in the polluted soil affect the growth and sustainability of C. lancifolius in Kuwait and East Asian countries.
Conclusions
Our results suggest that heavy metal contaminated soil adversely affects photosynthetic ability causing physiological damage to Conocarpus lancifolius and threatening its D r a f t survival in the Kuwaiti environment. The plant's photosynthetic efficiency is dependent upon the concentration of metals in the soil and also whether those metals are present in isolation or are mixed. For crude oil contaminated soils, plant growth is adversely affected since the crude oil contains a combination of heavy metals. The mechanism of action of these HMs may be through the generation of free radicals, which are responsible for disrupting the envelop and plasma membrane of the chloroplasts, consequently disrupting the thylakoid membranes and negatively affecting photosynthetic efficiency.
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